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It has widely been recognized that particle recycling 
from plasma-facing components in magnetic fusion devices 
can affect core confinement performance. This was first 
manifested by the “Supershot” confinement experiments in 
TFTR1), whereby particle recycling from the graphite 
bumper limiter was reduced by thermal degassing and/or 
helium discharge conditioning prior to confinement 
discharges.  In the Supershot confinement regime, the 
energy confinement time in has been found to increase with 
decreasing edge particle recycling from the limiter. Similar 
reduced recycling effects have been observed in a number of 
toroidal fusion devices, including stellarators and spherical 
tokamaks, over the past several decades although the 
physics behind these effects is not thoroughly understood. 
The present work is intended to investigate whether or 
not such wall recycling effects on core confinement can be 
observed in mirrors such as GAMMA-10. It is expected that 
particles recycling effects, if any, may be observed, using 
reflective end plates which separate the end cell from the 
central cell.   
Generally, the total heat flow along the magnetic field 
line is considered to be the sum of convection and 
conduction effects such that:  
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Here, it is extremely important to point out here that the 
SOL collisionality, νSOL, plays a key role in determining the 
heat loss mechanism to the plasma-facing component. Also, 
for the same plasma temperature and density, νSOL is linearly 
proportional to connection length.   
 If νSOL <10, as a general guideline, the heat loss will be 
“sheath-limited” to be given by2): 
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This is easily met by small-to-medium size devices such as 
NSTX in which lithium is used as the plasma-facing 
materials to reduce nedge.  
 As opposed to that, if νSOL >20 is established, the heat 
loss will become “conduction-dominated” to be expressed 
as2): 
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This may be met by relatively large machines including JET.  
Because mirrors are inherent with short connection lengths, 
the heat flow is expected to be sheath-limited in which case 
the edge density plays an important role, as indicated by eq. 
(2).   
 A schematic diagram of the end plate prepared for this 
purpose is shown in Fig. 1.  Employed as the end plate 
materials are titanium and tungsten, completely different in 
hydrogen recycling characteristics. Titanium is well known 
to form hydride (TiH2), keeping the recycling coefficient: Re 
<1 for a typical pulse length of 100ms in GAMMA10, 
whereas tungsten re-emits essentially all hydrogenic species, 
meaning that Re~13).  These two materials can be 
interchanged in-situ by flipping the end plate.  Also, a 
sheet heater (see Fig. 3) is inserted in between these end 
plates, so that pre-exposure degassing as well as post-
exposure TDS can readily be done. 
Fig. 1 A schematic diagram and a photo of the end plate.  
 
 Shown in Fig. 2 are the spectroscopic data on Hα, as 
the measure of hydrogen recycling, for the Ti and W 
surfaces of the end plate.  Recognize that there is about a 
factor of 2 difference, as predicted.  However, no clear 
change in central plasma parameters has been observed.  
The TDS data are shown in Fig. 3 from which the total 
hydrogen retention has been evaluated to be of the order of 
1016 H-atoms/cm2, smaller than one would predict. 
 
 
 
 
 
 
 
 
Fig. 2 Shot-by-shot Hαdata taken for the W and Ti plates.  
 
 
 
 
 
 
 
 
Fig. 3 Post-exposure TDS data up to about 450oC. 
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Fig. 1  DHT antenna and SED in the edge region of the 
GAMMA 10 device.
In the plasma edge, especially, in both ends in the 
axial direction, characterization and control of 
high-density plasma are important from a viewpoint of 
plasma confinement improvement and the divertor 
physics in the device GAMMA10, Plasma Research 
Center (PRC), Univ. of Tsukuba. In order to advance the 
research in this device, it is essential to estimate and 
control the plasma density, temperature, potential, and 
flow velocity in the boundary plasma regions. 
Therefore, for the purpose of generating and 
controlling a high-density plasma flow in the edge plasma 
region, the following research must be considered. 1) The 
above topics and future experimental plan, contributing to 
the confinement improvement, will be discussed from a 
basic point. 2) In order to simulate the GAMMA 10 
device, devices in our univ. will be operated to produce 
high-density (up to 1013 cm-3) helicon plasmas [1]. Here, 
helicon plasmas have been recently attracting much 
attention because of a flexible operation of the external 
parameters. 3) Considering the plasma parameters in the 
GAMMA 10 device, an exploration of the operational 
parameters will be done, using the helicon devices. 4) 
Based on the above results and further discussions, a 
design and a fabrication of new antennae will be executed 
to produce a high-density plasma flow in the GAMMA 10 
device. Then, we will find a clue to solve problems of the 
confinement improvement on this device after some 
analyses and detailed discussions. Final targets are as 
follows: electron density > 1013 cm-3, particle flux 1024-25
cm-2࣭s-1 and energy flux 10 MW࣭m-2.
In this fiscal year, we have carried out the above plan 
as follows. 1) Continuing the activity done last year, we 
have published a paper [2] and discussed our future plan. 
2) As to Large Mirror Device LMD, a high-density 
helicon plasma up to 1013 cm-3 has been successfully 
produced and characterized. Small helicon device SHD 
constructed was also characterized [3,4]. 3) An additional 
survey of expanding operational parameters has been 
executed, focusing the magnetic field configurations 
(relating to a flexible operation in the GAMMA 10 
device), plasma diameter, etc [5,6]. 4) As an initial 
experiment for producing a helicon plasma in the 
GAMMA 10 device, we have used the present antenna 
and end diagnostics, as shown in Fig. 1.
We have produced the target plasma with a low 
density by ECR method, and tested the density increase 
by the use of the antenna in the edge region. Here, the 
excitation rf frequency is between the electron and ion 
cyclotron frequencies, thus the magnetic field was lower 
than a normal operation. Since a fill pressure of hydrogen 
was less than 0.1 mTorr, the density increase was lower 
than expected. It is necessary to consider the gas species 
and its fill pressure in addition to the antenna shape and 
its position, and also the magnetic field configuration as a 
next step plan.  
In conclusion, we have discussed the next research 
plan, considering the crucial points of the characterization 
and control of high-density plasmas in the edge region, as 
well as the simulation experiments in our univ. We have 
also executed the initial experiment in the GAMMA 10 
device to try to increase the electron density in the edge 
region using the present facilities.  
In future, we must advance the initial experiment 
using the GAMMA 10 device actively to estimate and 
control the high-density plasma flow. 
1) Shinohara, S.: J. Plasma Fusion Res. 36 (1997) 4695. 
(Review Paper); Shinohara, S.: J. Plasma Fusion Res. 
78 (2002) 5. (Review Paper); BUTSURI 64 (2009) 
619. (Review Paper)
2) S. Shinohara et al., Trans. Fus. Sci. Technolo. 63 
(2013) 164. 
3) D. Kuwahara, A. Mishio, T. Nakagawa and S. 
Shinohara, Rev. Sci. Instrum. 84 (2013) 103502. 
4) T. Nakagawa, S. Shinohara et al., JPS Proc. 1 (2014) 
015022. 
5) S. Shinohara, PPPS 2013, 2013, 6F-7. (Invited Talk)
6) S. Shinohara, AP-RASC 2013, 2013, HGa-4. (Invited 
Talk) 
503
§4. Generation and Control of High-Density Flow 
in Open System Plasma
Shinohara, S., Kuwahara, D. (Institute of Eng., Tokyo Univ. of 
Agriculture & Technology),  
Ishii, H., Teshigahara, N., Fujitsuka, H., Waseda, S., Ishii, T., 
Otsuka, S., Nakagawa, T. (Grad. Sch. Eng., Tokyo Univ. of 
Agriculture & Technology),  
Hada, T. (Interdis. Grad. Sch. Eng. Sci., Kyushu Univ.),  
Ichimura, M., Ikezoe, R. (Plasma Res. Center, Univ. Tsukuba), 
Yokoyama, T. (Grad. Sch. Pure & Applied Sci., Univ. Tsukuba)
